Abstract: Cancellation of optical diffraction is an intriguing phenomenon enabling optical fields to preserve their transverse intensity profiles upon propagation. In this work, we introduce a metamaterial design that exhibits this phenomenon for three-dimensional optical beams. As an advantage over other diffraction-compensating materials, our metamaterial is impedance-matched to glass, which suppresses optical reflection at the glass-metamaterial interface. The material is designed for beams formed by TM-polarized plane-wave components. We show, however, that unpolarized optical images with arbitrary shapes can be transferred over remarkable distances in the material without distortion. We foresee multiple applications of our results in integrated optics and optical imaging.
Introduction
Due to diffraction, transversely confined optical fields diverge upon propagation in free space. As a result, optical images are not propagation-invariant and can be made sharp only in a single transverse plane. A simple way to overcome the divergence is to guide light in a waveguide such as an optical fiber. As an example, a bundle of optical waveguides can be used to transfer two-dimensional images over long distances without considerable distortions [1] [2] [3] [4] [5] . However, the image at the output is usually broken into circular pixels and has a low resolution. A different approach has been proposed in the field of spatially dispersive photonic crystals. It has been shown that, if at a given frequency the wave vector k in the crystal depends on the wave propagation direction such that its projection onto a certain direction (z) remains constant (k z = C), light will propagate along this direction without divergence [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The phenomenon is called self-collimation. It is as a rule obtained at a wavelength (λ ) close to the Bragg diffraction regime, and therefore, the surface reflectivity of the crystal appears to be high. In addition to photonic crystals, hyperbolic-type metamaterials have been shown to exhibit diffraction cancellation [14, 18, 19] . These materials are composed of infinitely wide metal plates or infinitely long metal rods distributed periodically with a period Λ < λ /2. The materials are also spatially dispersive, but for them the condition k z = C can cover also free-space evanescent waves, which yields subdiffraction-limited resolution for optical-image transfer through the material. The phenomenon is called canalization. Also fishnet metamaterials have been shown to provide diffraction compensation at optical frequencies [20, 21] . These materials, however, show a very high absorption: Im(k z ) ≈ 6 µm −1 corresponding to an imaginary refractive index of ca. 0.7. Recently, we have proposed one more way to suppress optical diffraction by combining spatial dispersion with optical anisotropy of silver-disc metamolecules [22] . Our approach makes it possible to tune the value of the wave impedance in the material towards that of the surrounding medium and, as a result, dramatically reduce the reflection of the metamaterial surface. Often, the materials proposed for diffraction-free guidance of optical beams are twodimensional, meaning that the beam divergence is suppressed only for waves with wave vectors in a single plane. Materials like these are usually fabricated in the form of a slab waveguide parallel to the plane in question. Waves propagating at an angle to this plane are confined in the slab by total internal reflection.
In this work, we introduce a three-dimensional metamaterial that suppresses optical diffraction for three-dimensional optical fields. The material is composed of silver nanobars aligned parallel to the desired diffraction-compensation axis z. The increase of the wavenumber with the angle θ between z and k (required to obtain constant k z ) is achieved for TM polarized waves as a result of their more efficient coupling to the longitudinal plasmon resonance of the nanobars at larger propagation angles θ . We demonstrate the effect of suppressed diffraction with an example of a radially polarized hollow optical beam. Then we consider the possibility to achieve distortion-free transfer of arbitrary two-dimensional images through the designed metamaterial. We show that, if the image is formed by unpolarized or circularly polarized light, it can be transferred through the material without distortion over a remarkable distance, even though the material is designed to deal only with TM-polarized waves. Eventually, the image becomes composed purely of TM-polarized waves, as the TE-polarized part of the image freely spreads in the material. Hence, the material acts as an unconventional optical polarizer. The wave parameters and the wavelength of the diffraction-cancellation effect can be selected by tuning the dimensions of the nanobars and the unit cells. Compared to already demonstrated diffraction-compensating photonic crystals [8-11, 14, 15, 17] and metamaterials [14, 18, 19, 23] , our material has a negligible surface reflectivity. In addition, it has a much lower absorption coefficient than typical "canalizing" metamaterials have.
The introduced diffraction-compensating metamaterial can be used as an optical waveguide or a distortion-free image-transferring device. Independently of the field intensity profile, incidence angle and localization at the material surface, the field will propagate along the designed diffraction-compensation axis and preserve its transverse shape and size. In particular, multiple laser beams with coinciding focal spots, but different incidence angles will propagate along the same path in the material, which implies an increased information-transfer capacity of the material compared to conventional waveguides [24] . Furthermore, the material can be used to create wide-angle antireflection and high-reflection coatings or beam splitters acting independently of the incidence angle. The designed metamaterial can also be used in laser technology to create, e.g., planar laser resonators insensitive to the mirror alignment and Fabry-Perot-type intracavity filters free of the wave walk-off problem [25, 26].
Design and characterization of metamaterials
The metamaterials designed in this work consist of a lattice of silver metamolecules embedded in glass. They are conveniently characterized by using the effective refractive index (n) and impedance (Z) seen by a plane wave (fundamental Bloch mode [27, 28] ) in the material. Due to spatial dispersion, these parameters depend on the wave propagation direction. The retrieval of n and Z is done by considering reflection and transmission of plane waves by a metamaterial slab [29] [30] [31] . If the material contains tilted metamolecules, one has to calculate the slab reflection and transmission coefficients ρ 1 and τ 1 for a wave incident at an angle θ i , and coefficients ρ 2 and τ 2 for a wave incident from the opposite side at an angle π − θ i [29] . To minimize the computational load, we use a metamaterial with negligible evanescent-wave coupling between the metamolecular layers, in which case the consideration of a single-layer slab is sufficient. In the calculations, the slab is assumed to be surrounded by the host medium. We use the COMSOL Multiphysics software to calculate the field distributions around and inside the slab, which yields the required reflection and transmission coefficients. The normal component of the effective propagation constant in the metamaterial is calculated as
where
Here, the phase-shifted coefficients g i = ρ i exp(ik 0z Λ z ) and f i = τ i exp(ik 0z Λ z ) are used; k 0 is the wave vector in the host medium. The lattice period in the z-direction is denoted by Λ z and m is a physically justified integer number [29-31]. The refractive index can then be solved from
where k vac is the wavenumber in vacuum. The impedance is defined as the ratio of the spatially averaged transverse electric and magnetic fields. It is given by
where Z 0 is the impedance of the host medium and σ = ±1 for TE-and TM-polarizations, respectively. In general, impedances seen by two counter-propagating waves are equal if the metamaterial is not bifacial [30, 32] . The parameters n and Z are functions of the angle θ i that is connected to the propagation angle θ in the medium by complex Snell's law [33] . The design of diffraction-compensating metamaterials follows the procedure proposed in [22] with the aim to reach suppressed diffraction for three-dimensional optical beams. The procedure allows us to achieve not only three-dimensional diffraction compensation, but also impedance-matching of the metamaterial to the surrounding medium. Then, to model propagation of optical beams in the designed metamaterial, we use a general method we have previously developed [34] . The method makes use of a rigorous vectorial plane-wave decomposition that allows one to model the beam-metamaterial interaction very efficiently independently of the beam propagation distance.
The diffraction compensation is achieved when the refractive index plotted in spherical coordinates as a function of the wave propagation direction shows a large enough flat part. We fulfill this requirement for TM-polarized waves using a strongly optically anisotropic and spatially dispersive metamaterial composed of silver nanobars in glass. Hence, the material ensures effective diffraction cancellation for optical beams composed of TM-polarized waves, such as radially polarized Hermite-Gaussian modes [35] .
A diffraction-compensating metamaterial
The metamaterial we have designed has a periodic three-dimensional structure shown in Fig. 1 . It consists of silver nanobars arranged in a tetragonal lattice in glass. The nanobars are cuboids with dimensions L x = L y = 30 nm and L z = 130 nm. The lattice dimensions are Λ x = Λ y = 120 nm and Λ z = 200 nm. The material is designed to suppress divergence of optical beams propagating along the z-axis. The parameters n and Z were evaluated using Eqs. (4) and (5) for each given angle θ , wavelength and both TM and TE polarizations. For TM-polarized plane waves, the coupling to the longitudinal plasmon resonance of the nanobars is more efficient at larger propagation angles (θ ), which leads to a higher refractive index. The unit-cell dimensions are adjusted such that, when plotted in spherical coordinates, the real part of the refractive index forms a flat surface at around θ = 0 and obeys the relation n(θ ) = n(0)/ cos(θ ). The symmetry of the structure makes the refractive index independent of the azimuthal propagation angle, as long as the wave stays TM-or TE-polarized. The same holds for the wave impedance. Hence, to describe the material, it is enough to show only two-dimensional polar plots of n(θ ) and Z(θ ). Figure 2 (a) shows these plots for TM-polarized waves at a vacuum wavelength λ vac = 913 nm. In the calculations, the spectrum of the refractive index of silver was taken from [36] .
The black solid and red dashed curves in Fig. 2(a) show the real and imaginary parts of the wave parameters, respectively. The real part of the refractive index is seen to be flat at small angles θ . The real part of the normalized impedance is close to 1 at these angles, which ensures a low reflection loss at the glass-metamaterial interface. The angles θ corresponding to the gray sectors cannot be reached from glass that has a lower refractive index compared to . Low values of the absorption and reflection coefficients of the metamaterial are important for good optical-image transfer, since absorption and reflection can significantly reduce the intensity as well as distort the image. A rapid increase of the imaginary part of n and both the real and imaginary parts of Z when θ approaches its maximum value are caused by enhanced excitation of localized surface plasmons and increased spatial dispersion as the structure gets closer to the Bragg-reflection regime when Re(n) increases.
The difference of the designed metamaterial from a hyperbolic-type metamaterial made of infinitely long wires is in the presence of gaps between the ends of the nanobars. For comparison, we removed these gaps and tried to satisfy the diffraction-compensation and impedancematching conditions for λ vac < 1 µm. The wave parameters were retrieved from numerically calculated reflection and transmission coefficients of a 1 µm thick metamaterial slab. We have verified that the calculated wave parameters are valid also for thicker slabs. The best result was obtained at a slightly longer wavelength of 1.12 µm for a metamaterial with Λ x = Λ y = 180 nm (L x = L y = 30 nm). This hyperbolic-type metamaterial, however, has significant drawbacks compared to the nanobar metamaterial. While at normal incidence it performs very well, the optical absorption and impedance mismatch of the material increase with θ much faster, i.e., when θ increases from 0 to 7 • , Im(n) increases from 0.0001 to 0.02 and Z/Z 0 changes from about 0.97 to 0.56 − 0.07i. Furthermore, the range of angles for which n(θ ) stays approximately flat is more than three times narrower, being limited by θ = 7 • . In addition, within this range the first-order divergence parameter, calculated as the angle-averaged root-mean-square value of the derivative ∂ Re(k z )/∂ Re(k x ), is much higher than that of the nanobar metamaterial, 0.07 instead of 0.001. At a fixed θ , this derivative can be considered as the plane-wave inclination parameter [20] . Finally, the wavelength range of the diffraction-compensation regime at small θ is fifty times narrower than for the nanobar metamaterial. This spectral range is defined by requiring that the deviation of n(θ ) from a perfectly flat profile n fl (θ ) at θ = 7 • stays below |n fl (θ ) − n(0)|/10 -at the limit, it is 10 times smaller than in pure glass. The diffractioncompensation bandwidth of the nanobar material, ca. 50 nm, is relatively wide, which is an important advantage of our metamaterial in view of practical realization of the metamaterial concept and verification of the predicted diffraction-compensation phenomenon.
The wavelength at which the metamaterial is designed to suppress optical diffraction can be changed by tuning some of the structural dimensions. For example, if the longitudinal period Λ z is changed from 200 nm to 220 nm, the wavelength of the diffraction compensation effect moves from λ vac = 913 nm to λ vac = 883 nm. The plots of n(θ ) and Z(θ )/Z 0 corresponding to this case are presented in Fig. 2(b) . If instead of Λ z , we change the thickness of the bars, e.g., from 30 nm to 40 nm, the operation wavelength of the material shifts to 793 nm. The functions n(θ ) and Z(θ )/Z 0 calculated for this case are plotted in Fig. 2(c) . The refractive-index flatness condition, n(θ ) = n(0)/ cos(θ ), is not anymore strictly satisfied around θ = 0, but met at a larger angle of about 20 • . Therefore, the material is expected to provide diffraction compensation for optical images with wider angular spectra (smaller features), but over a shorter propagation distance compared to the materials of Figs. 2(a) and 2(b) .
The isofrequency surfaces of the wave parameters evaluated for TE-polarized plane waves are spherical, since essentially, these waves do not interact with the nanobars and "see" only the host medium. The values of the refractive index and impedance for all possible propagation directions of these waves are equal to the corresponding values obtained for TM-polarized waves at θ = 0. Because of this we do not show the plots of n(θ ) and Z(θ ) for the TE-polarization.
Propagation of light in the designed metamaterials
To verify the effect of diffraction compensation for light composed of TM-polarized waves, we consider a radially polarized hollow beam at λ vac = 913 nm normally incident onto the surface of the metamaterial of Fig. 2(a) from glass. The beam waist is located at the surface and has a radius of 1 µm. In glass, the divergence angle of the beam is 16 • . Figure 3(a) shows the longitudinal cross-section of the beam intensity normalized to its peak value. The glassmetamaterial interface is shown by the vertical white line. The beam is seen to propagate in the material essentially free of diffraction over a distance of 50 µm. The reflection loss at the interface is negligibly low (ca. 0.2 %), as expected, since Z ≈ Z 0 for θ < 16 • . The 1/e 2 power decay length of the beam is evaluated to be ca. 200 µm. To better illustrate the evolution of the beam cross section upon propagation, we show the calculated transverse intensity profiles of the beam at z equal to 100 µm, 200 µm and 300 µm (see Fig. 3(b) ). In spite of some divergence of the beam, the diffraction-compensation effect is evident. If, for example, the metamaterial was replaced with glass, the beam radius would at z = 300 µm be about 90 µm instead of the observed 1.5 µm. Optical absorption does not affect the shape of the profile, even though the plane-wave absorption coefficient depends on θ . In conclusion, the designed metamaterial shows excellent diffraction-compensation characteristics for radially polarized optical beams. It can be used not only for the considered hollow beam, but also for higher-order HermiteGaussian modes with radial polarization. In the next step we show that the designed metamaterial can be used to guide not only circularly symmetric, but essentially arbitrary optical images over long distances in the material without distortion. As the material is sensitive to light polarization we choose to use unpolarized radiation to form the original image at the entrance surface of the material. In the calculations, we model unpolarized field by incoherently summing two waves with opposite circular polarizations. Alternatively, one could use orthogonal linear polarizations. Circular polarization, however, includes all possible directions of the transverse electric-field vectors, and in principle, if the image is circularly polarized, it also preserves the shape upon propagation. For images formed by unpolarized light, the intensity is calculated as a sum of the intensities of two orthogonal circularly polarized components. Figure 4 (a) shows the image of the letter M at the entrance surface of the material (at z = 0; the material corresponds to that in Fig. 2(a) ) and the intensity profiles of the field at a distance of 1 3 mm, 2 3 mm and 1 mm from the surface. At the input surface, the field within the M has a planar wavefront and a gradually decreasing intensity at the edges. The edges are made smooth in order to keep the angular spectrum of the incident field within the angular spread of the flat part of n(θ ). The image is seen to preserve its shape even after a 1-mm propagation distance in the material. If the material was replaced with glass, the thickness of each line in the M would at z = 1 mm be huge, about 200 µm, making the image absolutely unrecognizable. The optical power confined within the image decreases a bit faster upon propagation than the power of the previously considered radially polarized beam, because the contribution of the TE-polarized plane-wave components to the image vanishes at long propagation distances. Nevertheless, the material clearly exhibits the ability to transfer optical images of any shapes without significant distortions. If instead of unpolarized, circularly polarized light is used, the image starts to show some spiral artefacts visible in Fig. 4(b) . Otherwise the image propagates in a similar way with the originally unpolarized image. Two-dimensional images have been previously transfered through metamaterial structures made of effectively infinite metal rods [14] , but only over very The intensity is normalized to its maximum value at z = 0. In (a) and (b), the material corresponds to that in Fig. 2(a) and the image is originally formed by (a) unpolarized and (b) left-handed circularly polarized light. In (c), the material corresponds to that in Fig. 2(b) and the image is originally unpolarized. In (d), the material is as in Fig. 2 (c) and the image is unpolarized. The two last pictures of case (d) show the total intensity (I t ) and the intensity of the y-polarized part of the image (I y ) at the same coordinate z = 50 µm.
short distances, on the order of 10 µm, due to high absorption losses. In our metamaterial design, the absorption is remarkably low. For the metamaterial adjusted to operate at λ vac = 883 nm, the image transfer characteristics are illustrated in Fig. 4(c) . A weak halo around the M at z = 1 mm is explained by a larger curvature of the refractive-index surface of the TM-polarized waves in this case compared to the case of Fig. 4(a) . It is noticeable that, when the originally unpolarized image propagates through the material, it becomes more and more polarized because of the diffraction loss of the TE-polarized components. We have found that after a long enough propagation distance, the image becomes composed of the TM-polarized plane waves only, which does not cause any considerable changes in the details of the image. Hence, the metamaterial acts as a polarizer, but in a conceptually new way, making the field be composed of TM-polarized waves.
The propagation-induced gain of the degree of polarization within the image is illustrated in Fig. 4(d) . We choose the metamaterial of Fig. 2(c) -as it has a wider flat part of n(θ ) -and make the lines composing the M thinner to increase the divergence of its TE-polarized part. The width of the lines is now only 400 nm, while the wavelength is 793 nm. The intensity profiles of the image are shown for the propagation distances of 25 µm and 50 µm. The two last intensity profiles in Fig. 4(d) correspond to the same propagation distance of 50 µm, but in the first picture we show the total intensity (I t ), while in the second one, only its y-polarized component (I y ). We see that the image is polarized mostly in the direction perpendicular to the lines of the M, which proves that the image is composed of the TM-polarized waves. The major distortion of the image is in the appearance of a double-slit-type interference pattern. This pattern originates from a non-negligible curvature of the n(θ )-contour and a stronger divergence of light due to narrower features of the image.
Conclusions
In this paper, we have introduced a simple metamaterial design that provides compensation of optical diffraction for radially polarized optical beams. In addition, we have demonstrated nearly propagation-invariant transfer of essentially arbitrary two-dimensional images created by unpolarized or circularly polarized waves. The wave impedance and the operation wavelength of the material were adjusted by tuning the dimensions of the nanobars and the unit cells. The metamaterial was designed to be approximately impedance-matched to glass in order to minimize the reflection loss at the glass-metamaterial interface.
In the material, images composed of TE-polarized waves diverge as fast as in glass. Therefore, initially unpolarized intensity profiles preserve their shapes and become polarized (composed of TM-polarized waves) upon popagation in the material. Hence, the material acts as a new type of an optical polarizer. We foresee applications of the designed metamaterial in optical imaging systems, integrated optics, optical communications, and in microfabricated light sources and detectors. We believe that in the future, diffraction-compensating metamaterials can be further developed to obtain even lower optical absorption loss and higher-quality image transfer.
